Introduction 24
The jaw is a functionally versatile innovation that facilitated explosive diversification of gnathostomes 25 (a clade containing jawed vertebrates), but its basic structure is surprisingly simple and highly conservative (Miyashita, 2016) . A jaw consists of 'a hinge and caps': an upper and lower skeletal 27 levers hinged at a jaw joint (Depew and Simpson, 2006) . As the joint enables biting motions, its origin 28 is considered the final step in the evolutionary assembly of the vertebrate jaws (Cerny et al., 2010; 29 Kuratani, 2012; Miyashita, 2016) . Across jawed vertebrates, the presumptive jaw joint is marked by the 30 expression of nkx3.2, an NK2 class homeobox gene (a.k.a. bapx), at the midheight of the embryonic 31 bones arise intramembranously around the often endo-/perichondrally ossified jaw cartilages except in 36 chondrichthyans (sharks, rays, and skates) (Hall, 2015) . In mammals, the jaw joint instead forms 37 between two such intramembranous bones (temporal and dentary), whereas the proximal jaw joint 38 becomes the malleus-incus interface that is, in mice, no longer affected by Nkx3.2 knockout (Tucker et 39 al., 2004) . Despite these variations after pharyngeal chondrogenesis, no gnathostome lineage 40 secondarily lost functional jaws. 41
By studying functional jaw loss in our new mutant zebrafish, we asked whether -and how -42 jaw functions affect the vertebrate skull shape during development. Clinically documented agnathia in 43 humans typically accompanies severe congenital disorders such as holoprosencephaly and otocephaly, 44 but the jaw loss is clearly a secondary effect and not a cause in these cases (Bixler et al., 1985; Brown 45 and Marsh, 1990; Gekas et al., 2010; Schiffer et al., 2002) . Instances of temporomandibular joint 46 ankylosis may result from trauma or infection, or may be congenital (Adekeye, 1983; Chidzonga, 1999; 47 Manganello-Souza and Mariani, 2003) . If untreated, the ankylosis can lead to the 'bird face' deformity 48 (El-Sheikh et al., 1996) . However, these cases do not fully document the effects of functional jaw loss. 49
In mammalian models, various jaw/skull deformations have been induced by surgical resection, 50 detachment, or repositioning of the jaw muscles and/or bones (Bayram et al., 2010; Gomes et al., 2012; 51 Horowitz and Shapiro, 1955; Lifshitz, 1976; Miyazaki et al., 2016; Rodrigues et al., 2009; Sarnat, 52 1970; Sarnat and Muchnic, 1971; Toledo et al., 2014) . These manipulations occurred well after the 53 formation of the jaw skeleton and muscles, and the jaws remained partially functional because of 54 unilateral operations or non-comprehensive disruption. The defects and deformities reported in these 55 studies imply: a) jaw functions are potentially an important factor in shaping the skulls; and b) any 56 allele disrupting jaw functions would be generally maladaptive. Nevertheless, these implications are 57 difficult to explore in the absence of an accessible experimental model. 58
To fill in this gap, we engineered two distinct null alleles of nkx3.2 in zebrafish. Previously, 59 transient knockdown of nkx3.2 during early development (using morpholinos) had shown fusion of the 60 nascent jaw cartilages in both zebrafish and frogs (Lukas and Olsson, 2018a; Miller et al., 2003) . We 61 confirmed in zebrafish that the mutants recapitulate this phenotype. Surprisingly, mutant zebrafish are 62 viable despite the loss of the jaw joint persisting through adulthood. Thus functionally jawless, nkx3.2 -/-63 zebrafish dramatically alter the skull shapes late in ontogeny to facilitate feeding, with the mouth fixed 64 open, the snout reduced, and the branchial region expanded. This open-mouth phenotype, previously 65 unknown in zebrafish or in other jawed vertebrates, also occurred in two extinct lineages of 400-66 million-plus year-old jawless vertebrates, anaspids and thelodonts. Even though they share no 67 homology in individual facial bones, the nkx3. or TALENs, producing two disparate null alleles that produced similar phenotypes ( Fig. 1a ). One allele 82 (ua5011) was engineered with CRISPR/Cas9 targeted at the beginning of the 83 homeodomain, and it harbors a 20 bp deletion resulting in a frameshift ( Fig. 1a ; Data Supplement 1). 84
The disrupted translation of codons is predicted to abrogate production of the critical homeobox 85 domain, and instead produce random amino acids. This is predicted to produce a non-functional 86
Nkx3.2 and a null allele. A disparate allele (el802) was generated using TALENs (Barske et al., 2016 ) 87 targeted at the start of the gene. This produced a stably inherited gene with 20 bp deletion, removing 88 the translation start codon (Fig. 1a ). The allele nkx3.2 el802 is predicted to not produce Nkx3.2 protein. 89 Morphologically, these two alleles are not readily distinguishable from each other (see Results). 90 91 Morphometrics. We compared gapes in zebrafish and anaspids (a lineage of extinct jawless 92 vertebrates) by taking the angle between skeletal elements of the upper and lower 93 lips (Data Supplement 2). In zebrafish, the angle was taken by extrapolating the axis of the premaxilla 94 until it meets the axis of the dentary. At younger stages (4 and 14 dpfs), the angle was measured 95 between the axes of the palatal process and Meckel's cartilage. In anaspids, the upper and lower lips 96 are demarcated by a series of relatively larger scales, which allowed delineation of the gape angle 97 (measured at where the extrapolated upper and lower lip margins meet). For geometric morphometric 98 comparison, eight landmarks were assigned to both zebrafish (2 mpf) and anaspid samples to capture 99 overall head shapes (see Supplementary Information for rationales of landmark assignment). From the 100 pool of nearly a thousand catalogued specimens of anaspids, we selected a total of 70 specimens that normal juveniles (Cubbage and Mabee, 1996; Kimmel et al., 1995) . Although the palatoquadrate and 127
Meckel's cartilage remain fused in nkx3.2 -/mutants, skeletal staining reveals that the upper and lower 128 jaw elements ossify independently of each other -still without a ball-and-socket joint structure ( Fig.  129 2k, l). All skull elements ossify in nkx3.2 -/without apparent delay. 130
The lower jaws are increasingly turned downward in nkx3.2 -/by the end of the first month, 131 resulting in a greater gape ( Fig. 2d, e ). The jaw joint is still absent in nkx3.2 -/mutants: a sheet of 132 perichondrium lies between the ossifying quadrate and articular -so the two bones remain distinct 133 elements -but this interface has none of those essential components of synovial diarthrosis ( Fig. 2n ). 134
Many other osteological differences emerge by this stage. Normally, the premaxilla and the maxilla 135 swing forward to sit nearly vertical and are hinged by the kinethmoid for suction feeding (Hernandez, 136 2000; Hernandez et al., 2007) ( Fig. 2c ). In nkx3.2 -/mutants, however, the premaxilla and the maxilla 137 are oriented posteroventrally and abutted against the anterior margin of the orbit (Fig. 2d ). The 138 kinethmoid is reduced into a fused bony process, unlike a rod-like hinge element in wildtype 139 (Hernandez et al., 2007) . The downturned lower jaws of the nkx3.2 -/mutants are relatively shorter than 140 the normal lower jaws of wildtypes. The basihyal protrudes anteroventrally as much as the lower jaw, 141 implying that the muscle connecting those two elements (m. intermandibularis posterior) (Schilling and 142 Kimmel, 1997) may be responsible for the lower jaw orientation. As a result of these modifications, 143
nkx3.2 -/mutants have a shorter snout, a fixed open gape, and a dorsoventrally tall profile. 144
Morphological variations within a cohort of nkx3.2 -/mutants is greatest at this stage than in any other, 145 as indicated by the range of variation in lower jaw depression ( Fig. 2o ). 146 147
The adult nkx3.2 -/phenotype accommodates functional jaw loss 148
At 2 months of age and approaching sexual maturity nearly all nkx3.2 -/mutants have a gape angle 149 greater than 90 degrees (Fig. 2o ). These nkx3.2 -/adults continue to be characterized by the 150 morphological differences identified at 1 mpf. The nostrils sit between the eyes as the snout is reduced in length relative to wildtype zebrafish. The skulls appear to be more highly ossified in nkx3.2 -/-152 mutants than in wildtype, where massive bones and cartilages are identified around the interface of 153 quadrate and articular, in the lower branchial region, and in the laterally expanded operculum (Figs. 2j, 154 g, 3b; Movie 1). All homozygous mutants showed the descriptive skeletal traits identified here. In linear morphometrics, the gape angle between upper and lower lips reveals that nkx3.2 -/-184 mutants assimilates the anaspid-like condition late in ontogeny (Fig. 2o ). The trait in nkx3.2 -/mutants 185 departs from that in wildtype after the onset of skull ossification and active feeding, and overlaps with 186 the range occupied by anaspids (grey zone in Fig. 2o ). When the jaws are at rest, the gape angle in 187 wildtype zebrafish is consistently around 30 degrees regardless of ontogenetic stages. This is also the 188 case for the nkx3.2 -/mutants at 4 and 14 dpf when they still rely on yolk as main intake. The gape 189 angle increases steadily thereafter. 190
In landmark-based geometric morphometrics, nkx3.2 -/mutants aligned more closely with 191 anaspids than wildtype along the principal components (PCs) that explain the adult phenotype (PCs 1 192 and 5) ( The late onset and topology of skull/jaw remodeling suggests that nkx3.2 -/zebrafish accommodate the 237 loss of the jaw joint in a plastic response. Other than the absence of jaw joint, nkx3.2 -/zebrafish appear 238 otherwise normal until metamorphosis (14-21 dpf) ( Fig. 1d, g) . As the skull ossifies, however, the 239 observed phenotype becomes increasingly prominent ( Fig. 2b, d young mutants (Fig. 1d, g) until the lower jaw skeletons begin rotating posteroventrally post 14 dpf ( Fig. 2b, d) . Therefore, we interpret the anaspid/thelodont-like traits in the adult nkx3.2 -/zebrafish not 277 as recapitulations of conserved early vertebrate development (atavism), but instead as assimilations of 278 the patterns previously exploited by early vertebrates in a zebrafish skull (convergence). 279
Thus, the jaw joint loss (nkx3.2 loss-of-function phenotype) released nkx3.2 -/zebrafish from 280 forms that can facilitate jaw movement, and exposed them to a different functional requirement of 281 with CRISPR/Cas9 to generate a 20 bp deletion (red box) and frameshift that is predicted to eliminate 575 the homeodomain. Bottom: Schematic of predicted protein following CRISPR mutagenesis. In the 576 allele nkx3.2 ua5011 , the frameshift (20 bp deletion) is predicted to disrupt the translation and abrogate 577 production of the critical homeobox domain. This is predicted to produce random amino acids (red hatching). (a') Sequencing results from allele nkx3.2 ua5011 (lower) compared to a wildtype zebrafish 579 There are many other lineages of jawless vertebrates, including living cyclostomes, heterostracans, 801 thelodonts, galeaspids, pituriaspids, and osteostracans, in the order of nested hierarchy toward the 802 crown-group gnathostomes (Janvier, 2007 (Janvier, , 1996 . Living cyclostomes are difficult to compare as they 803 have an anguilliform profile and lack ossified skeletons, or cartilages unambiguously comparable to the 804 jaw/lip elements of the zebrafish skull (Miyashita, 2016 (Miyashita, , 2012 Miyashita et al., 2019) . Extinct jawless 805 vertebrates generally have a depressiform profile (Janvier, 1996) . Therefore, direct shape comparison is 806 difficult with the compressiform zebrafish and anaspids. Among non-depressiform jawless stem 807 gnathostomes, the lips are typically preserved poorly. Furcacaudiform thelodonts have a lateromedially 808 compressed body profile, and have the lip morphology consistent with that of anaspids (Wilson and 809 Caldwell, 1998 Caldwell, , 1993 . These similarities suggest that depressed lower lips are a general condition 810 along the gnathostome stem, as reconstructed conventionally across the stem group. However, we did 811 not include furcacaudiforms in our morphometric comparison. In furcacaudiforms, the lips are 812 demarcated by numerous scales, which make gape angle difficult to determine (Märss et al., 2007) . 813
Landmarks cannot be assigned confidently either. The nasohypophyseal opening cannot be located 814 precisely because of the micromeric nature of the integument on the dorsal side of the head (Wilson  815 and Caldwell, 1998 Caldwell, , 1993 . The transition from head to trunk is ambiguous along the dorsal outline 816 because there is no apparent change in morphology of the scales (Wilson and Caldwell, 1998, 1993) . 817
As such, anaspids remain as the only comparable outgroup taxon to nkx3.2 -/mutant zebrafish. 818 819
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